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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1566 

BASE HEAT TRANSFER, PFGESURE RATIOS, AND CONFIGURATION 

EFFECTS OBTAJXED ON A 1 /27  SCALF: S A ! "  ( C - 1  ) MODEL 

AT MACH NUMBERS FROM 0.1 TO 2.0 

By John L. Allen and Robert A. Wasko 

SUMMARY 

Base heat t r ans fe r  and pressures were measured over a range of stream Mach 
numbers from 0.1 t o  2 .0  on a 1 /27  scale  Saturn (C-1) booster stage having scale- 
model rocket engines t h a t  use l i q u i d  oxygen and 5P-4 f u e l  as propellants.  

The turbopump exhaust from the inboard engines was simulated by discharging 
hydrogen through s tacks i n  the  shroud or  afterbody surface.  
su l ted  i n  very high heat-flux r a t e s  t o  the base p l a t e  ( located a t  the  plane of 
the  nozzle th roa t s )  with s tack heights less than about one-third of the  height of 
the  l o c a l  boundary l aye r .  Simulated turbopump exhaust (hydrogen) f o r  the  out- 
board engines discharged through exhausterators around the nozzle-exit perimeters 
severely increased base heat f lux .  

This discharge re-  

The use of cooling air scoops and ex terna l  flow def lec tors  produced s i g n i f i -  
cant decreases i n  base heating. 
appreciable base bleed reduced the  heat f l u x  t o  values below 5 Btu per square 
foot  per second f o r  Mach numbers from 0.8 t o  2.0 compared with values without 
base bleed varying from 80 at  Mach 0.8 t o  20 Btu per square foot  per second a t  
Mach 2 .0  (all values f o r  a w a l l  temperature of looo F ) .  

One configuration t h a t  had a recessed base and 

Comparatively minor changes i n  base heat f lux were found when the outboard 
engines were gimbaled or one outboard engine w a s  inoperative.  With an inboard 
engine inoperative,  l o c a l  increases i n  base heating occurred at some Mach num- 
bers .  

A flame sh ie ld  or center star located at the plane of the nozzle e x i t s  and 
bounded by the inner perimeters of the  inboard nozzles had a heat flux (a t  
looo F) t h a t  increased from a value of about 40 Btu per square foot  per second a t  
Mach 0.1 t o  between 300 and 400 Btu per square foot per second at Mach 2.0, the  
corresponding recovery temperature varying from about 1000° t o  2800° R .  
center-s tar  pressure exceeded t h a t  of the base region by as much as 48 percent 
(depending on configuration) a t  Mach 2 .0 ,  which indicated appreciable backflow 
toward the center star from the  mutual impingement of the inner j e t s .  

The 



INTRODUCTION 

Rocket-missile base heating i s  primarily caused by (1) radia t ion  from the 
exhaust, ( 2 )  rec i rcu la t ion  of the hot exhaust gases i n t o  the  base region, and 
(3)  burning of combustibles t h a t  have been rec i rcu la ted  i n t o  the  base from the  
rocke-ts and/or turbopump exhausts. 
i n  references 1 t o  5 f o r  s ing le  as well  as clustered nozzles. 
complex arrangements of multirocket assemblies, experimental heat- t ransfer  re -  
sults obtained on scale  models having hot rocket flow can be of value to the  m i s -  
s i l e  designer.  A s  discussed i n  d e t a i l  i n  reference 6, however, such - tes ts  a r e  
necessar i ly  l imi ted  by the  following general qual i f icat ions:  

Various aspects of t h i s  problem a re  reported 
Because of the 

(1) Base heating i s  influenced by a l a rge  number of fac tors ,  and it i s  not 
possible t o  simulate them a l l  simultaneously with a s m a l l  sca le  model. 

( 2 )  Several f ac to r s  t h a t  influence base heating cannot be scaled properly 
(e.g. ,  base-burning and radiant-heating effec’cs). 

(3)  There a r e  instrumentation d i f f i c u l t i e s  i n  obtaining heating r a t e s  be- 
cause of var ia t ions  i n  flow angular i ty  and nonisothermal w a l l  e f f ec t s  ( r e f .  7 ) .  

I n  s p i t e  of these l imi t a t ions  accurate base pressure da ta  can be obtained i n  ad- 
d i t i o n  t o  quant i ta t ive  hea-ting data of a r e l a t i v e  nature showing e f f e c t s  of con- 
f igura t ion  var iab les .  

Accordingly, a 1 /27  scale  model of the  base of t he  complex eight-rocket 
Saturn booster w a s  invest igated over a range of Mach numbers up t o  2.0.  
t i v e l y  high eff ic iency,  sca le  rocket engines t.hat burn l i q u i d  oxygen and Jp-4 
f i e 1  were used. 
ted; included were two having base-bleed as cooling and two d i f f e ren t  arrange- 
men’cs of aerodynamic s t ab i l i z ing  surfaces.  I n  order t o  evaluate f i v e  turbine- 
exhaust-stack configurations,  hydrogen w a s  used t o  simulate the  turbopump exhaust 
gases from the  inboard engines while exhausterators were used on the  outboard 
rockets .  
board engines were determined. 

Rela- 

Various configurations of the  afterbody shroud were invest iga-  

The e f f e c t s  of both an inoperative engine and gimbal angle of the  out- 
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SYMBOLS 

cha rac t e r i s t i c  veloci ty ,  f t / s ec  

diameter 

coef f ic ien t  of heat t r ans fe r  

cha rac t e r i s t i c  chamber length,  i n .  

l ength  

Mach number 
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Subscripts: 

oxidant-fie1 weight r a t i o ,  oxygen/SP-4 

t o t a l  pressure 

s t a t i c  pressure 

heat flux, Btu/(sq f t ) ( s e c )  

Reynolds number 

temperature 

boundary- layer  height 

eff ic iency 
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base 

combust ion  chamber 

center star 

nozzle e x i t  

recovery 

radiat ion 

theo re t i ca l  

disk ( w a l l )  

f r ee  stream 

Superscript: 
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MODEL, ENGINE:, AND INSTRUMENTATION DETAILS 

General Description of Model 

A drawing of t he  essential. features  of the  model test i n s t a l l a t i o n  i s  shown 
i n  f igure l(a). 
stage including the  scalloped propellant tank region w a s  simulated. 
all the  data  presented with t h e  exceptions of the boundary-layer survey data,  
only the  r ea r  71. inches or 0.8 diameter were representative of the Saturn (C-1) 

During some of the exploratory tes t ing ,  the  e n t i r e  C-1 booster 
However, fo r  
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I afterbody, whereas t h e  conical-tipped, cy l indr ica l  forebody w a s  simply t h e  minimu 
envelope f o r  the required s t ructure ,  plumbing, and instrumentation. The th in ,  
short-cord s t r u t  w a s  located as far forward as p rac t i ca l  i n  order t o  reduce dis- 
turbances i n  the  base region. The simulated pa r t  of the Saturn ( C - 1 )  afterbody 
i s  shown i n  grea te r  d e t a i l  i n  f igure l ( b ) .  The centers of the  four inboard en- 
gines were spaced 0.416 nozzle-exit diameter (where 
t e r  of the  base and were ax ia l ly  d i n e d  because of in te rna l  space l i m i t s  ra-ther 
than r a d i a l l y  canted outward 3O as i n  the  C-1 prototype. 
were canted r a d i a l l y  outward 60 and were 2.25 e x i t  diameters from the  base center 
f o r  the  normal gimbal posi t ion.  
fabr icated from 1/8-inch s t e e l  and consisted of two general regions: 
f l a r ed  p a r t  with s k i r t s  t h a t  extended over a portion of each outboard or control  
engine ( t r a i l i n g  edge of s k i r t  i s  at s t a t i o n  0.8)  i n  order t o  reduce air loads on 
the  nozzle and permit gimbaling and ( 2 )  a b o a t t a i l  region t h a t  ends a t  the  plane 
of the  nozzle throa ts ,  s t a t i o n  2.08, which forms a notch or  cutout over each in-  
board engine. The r e su l t an t  shape of the heat shield or  base p l a t e  a t  the plane 
of the nozzle th roa t s  resembled a four-leaf clover.  A flame shield,  re fe r red  t o  
as -the center star, w a s  located a t  s t a t ion  0.09 between the  inner perimeters of 
the  inboard engines. The j o i n t s  between shroud and heat sh ie ld  and center star 
and nozzle w a l l s  were careful ly  sealed with a s t e e l - f i l l e d  epoxy polymer so  t h a t  
inadvertent base bleed could not occur. 

De = 1 . 7 0  i n . )  from the cen- 

The outboard engines 

The shroud surrounding the  engine assembly w a s  
(1) the 

Mark I 

Nozzle a rea  r a t i o  7 . 8  
Nozzle-exit diane-ter, De, i n .  1 . 6 9  
Throat diameter, i n .  0 -605 
Character is t ic  chamber length,  L*, i n .  1 4  
Charac te r i s t ic  velocity", C* 5200 t o  5400 
Combustion efficiency, 7 = (C*/C,",)' 0.81 t o  0.874 

Engines, S t a r t i ng  Procedure, and Simulated Turbopump Exhaust Systems 

Mark I1 

a 
1 . 7 0  

0.602 
1 8  

5300 t o  5500 
0.842 t o  0.906 

Propel lants  f o r  the  water-cooled, sca le  rocket engines were l i q u i d  oxygen 
and Jp-4 f u e l  i n  a nominal mixture r a t i o  O/F of 2 .4 .  A t  a chamber pressure P, 
of 650 pounds per square inch absolute, the  engine produced a thrus t  of about 
270 pounds and a spec i f ic  impulse of 265 seconds. The chamber pressure was meas- 
ured at the  face of Lhe in jec tor  and w a s  not corrected for heat-addition e f f ec t s  
(probably less  than 5 percent) .  
a r e  given i n  reference 8. 
t e s t  program and a re  re fer red  t o  as the  Mark I and -the Mark I1 (improved version 
of Mark I ) .  
(coordinates given i n  f i g .  l ( c ) )  w e r e  i n  good agreement with those f o r  the  full- 
scale  H-1 rocket since the chamber and nozzle were f u l l y  machined, whereas the  
dimensions of the  Mark I were not as precise  since a cast ing was used. Detailed 
differences a re  l i s t e d  i n  the following table:  

Fabrication and design d e t a i l s  of the  rockets 
Two s l i g h t l y  d i f f e ren t  rockets were used during the  

The bell-shaped nozzle contour and e x i t  angle f o r  the  Mark I1 design 
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Nozzle-exit s t a t i c  pressure, which w a s  measured on a t e s t  stand with a zero- 
secondary-flow ejector  attached i n  order t o  assure full flow, w a s  established as 
0.027 P,. Both the  nozzle-exit pressure and the in t e rna l  pressure d i s t r ibu t ion  
were i n  good agreement with those fo r  a 150,000-pound-thrust rocket with the same 
nozzle shape. 

Since the eight  engines were manifolded t o  common propellant systems, all 
engines were s t a r t ed  simultaneously by in jec t ing  TEA (triethylaluminum, a hyper- 
gol ic  compound) i n t o  each chamber with a s m a l l  oyygen flow t o  bu i ld  a p i l o t  flame 
that w a s  subsequently enriched by Jp-4 f u e l .  Oyygen and fue l  flows were then in-  
creased t o  give a chamber pressure of about 80 pounds per square inch absolute. 
Then, i f  all the engines were burning, the chamber pressures and mixture r a t i o s  
were increased ’GO and auLomatically controlled a t  the desired values. The start- 
ing sequence las-Led about 1 7  seconds and included 5 seconds of operation at rated 
conditions p r io r  t o  data  recording. 
The long s t a r t i ng  cycle was necessary because of the  f r a g i l e  nature of the sol- 
dered, wire wrapping that formed the  engine water coolant chamber. 

Data recording consumed about 15 seconds. 

For a la rge  majority of the  da ta  presented, the rocket operating conditions 
were as follows: 

- 
Average chamber pressure, Pc, lb/sq i n .  . . . . . . . . . . . . . . . . .  650+-10 
Mixture r a t i o  O/F . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.4k0.1 
Maximum deviation i n  chamber pressure among the eight  

rockets, lb/sq i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  220 

After all engines were careful ly  s t a t i c  tes ted,  those with r e l a t ive ly  high e f f i -  
ciency and the  necessary in j ec to r  flow charac te r i s t ics  were selected for i n s t a l -  
l a t i o n  i n  the  model. However, because the  propellant supplies of all eight  en- 
gines were manifolded, t he  individual. engine performance i n  the  model could not 
be evaluated. Therefore, a periodic program of flow checking and u l t rasonic  
cleaning of the  in jec tors  w a s  maintained. 

Turbopump exhaust gas w a s  simulated by discharging hydrogen through e jec tors  
(ca l led  exhausterators) around the ex i t  of each outboard engine ( f i g .  l ( c ) )  and 
through stacks ( re fer red  t o  as turbine-exhaust stacks) protruding through the  
shroud f o r  each inboard engine. 
t i ons  investigated a re  i l l u s t r a t e d  i n  f igure  l ( d ) .  
selected t o  be the  scale  equivalent of the  stoichiometric heat content of the  un- 
burned turbopump fuel. The 
e x i t  momen’cum per u n i t  area of the turbine-exhaust stacks w a s  approximately equal 
t o  tha t  for the  prototype Saturn a t  f’ull-rated flows but  decreased with weight 
flow since the  e x i t  a rea  w a s  not changed. 

The var ie ty  of turbine-exhaust-stack configura- 
The hydrogen weight flow w a s  

Data were obtained at  half-rated flow r a t e s  a lso.  

Because of the  t ransport  and mixing phenomena involved as the discharged 
turbopump gases encounter the  external  flow f i e l d  and rocket j e t s ,  the  use of the 
exact gas species at  the  proper temperature i s  highly desirable  but  w a s  not pos- 
s ib l e  on the  s m a l l ,  complex Saturn model. Even though the  molecular weight of 
hydrogen i s  much l e s s  than t h a t  fo r  the r e a l  turbopump gas, it w a s  selected 
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because of i t s  wide ign i t ion  and flammability l i m i t s .  The reason fo r  t h i s  selec- 
t i o n  i s  the inherent difference between an actual  rocket, which f l i e s  at varying 
f l i g h t  conditions from launch t o  burnout, and a rocket f i r e d  i n  a wind tunnel, a t  
essent ia l ly  steady f l i g h t  conditions. For example, i n  the  actual  launching ’che 
turbopump exhaust may rec i rcu la te  i n t o  the base, i gn i t e  at launch, and continue 
to burn ‘chroughout the  f l i g h t  path u n t i l  some quenching or flameout condition i s  
encountered. 
such as a free-stream Mach number of 2.0 a t  a 35,000-foot a l t i t ude ,  may no’c 
provide the necessary ign i t i on  source f o r  a gas with narrow flammability l i m i t s ,  
although combustion may be possible.  
scaled heat released i n  the base depends on successfully duplicating the canplex 
bas e -ent r a i m e n t  mechanism . 

The a l te rna t ive  of f i r i n g  the rockets a t  wind-tunnel conditions, 
“/b 

I n  addition, the problem of duplicating the  

Configurations 

The configurations investigated and the  f igures  i n  which they are  pictured 
a re  as follows: 

(1) Basic Saturn without base cooling, but  with 3/8-inch turbine-exhaust 
stacks ( f i g .  2 ( a ) )  

( 2 )  Basic Saturn with four cooling air scoops per shroud, va l ley  flow de- 
f l ec to r s ,  and 3/8-inch turbine exhamt stacks ( f i g .  2 (b)  ) 

(3) Basic Saturn with three cooling a i r  scoops per shroud, val ley flow de- 
f l ec to r s ,  and curved turbine-exhaust pipes (SA-l) ( f i g .  3) 

(4) Basic Saturn wi-th three cooling air scoops per shroud, va l ley  flow de- 
f l ec to r s ,  and streamlined turbine-exhaust stacks ( f i g .  4 ( a ) )  

(5)  Basic Saturn without base cooling or outboard engine shrouds, bu t  with 
3/8-inch turbine-exhaust stacks ( f lu sh  base) ( f i g .  4(b) ) 

( 6 )  Recessed-base configuration with shroud and va l ley  cooling air scoops 
and 5/8-inch turbine-exhaust stacks ( f i g .  5 )  

( 7 )  Circular-base configuration with four-fin,  four-stub s t ab i l i ze r  arrange- 
ment, streamlined turbine-exhaust stacks, and streamlined upper-stage 
hydrogen vents on stubs ( f i g .  6(a))  

(8 )  Circular-base configuration with eight-stub s t a b i l i z e r  arrangement, 
streamlined turbine-exhaust stacks, and s t r e d i n e d  upper-stage hydro- 
gen vents on stubs ( f i g .  6 ( b ) )  

Detai ls  of the various cooling-air bleed scoops are  shown i n  f igure 7 .  

6 



Heat-Transfer Instrumentation 

Twelve t o t a l  calorimeters and one radiat ion calorimeter were located i n  the 
base p l a t e  (heat sh ie ld) ,  s t a t ion  2.083 the general locat ions and designations 
a re  shown i n  f igure  8(a) .  The ac tua l  locat ions varied somewhat because of in-  
s t a l l a t i o n  problems and configuration changes (see f i g s .  2 ( a ) ,  3(a), and 6 ( b ) ) .  
Results from calorimeters from approximately symmetric regions Al t o  A4, B1 t o  
B4, or C 1  t o  C 4  were averaged because of s m a l l  differences i n  rocket-engine per- 
formance, i n  loca t ion  r e l a t i v e  t o  cooling scoops, and other minor asymmetries. 
Total calorimeters were a l so  located i n  the  center-s tar  flame shield and f o r  some 
configurations on the  s ide of the exhausterator of one of the  outboard engines 
tha t  faced in to  the center-star point ( i .e . ,  at posi t ion X )  . 

Construction d e t a i l s  of the base and center-s tar  calorimeters are shown i n  

The copper d isk  was sus- 
f igure  8 (b ) .  
were l / l0-inch-thick copper with a blackened surface. 
pended within a sealed s ta in less -s tee l  cup by twin pa i r s  of Chromel-Alumel ther-  
mocouple wires (26 gage) i n  order t o  reduce conduction losses .  A nitrogen purge 
cooling annulus kept the d isk  f r o m  becaming saturated w i t h  heat during the rocket 
s t a r t i n g  cycle. 
source and using a master control  calorimeter for  comparison, the resu l tan t  heat 
loss  was l e s s  than 5 percent f o r  a heat f l ux  of 20 Btu per square foot  per second 
and a temperature difference of 400° F between the disk and the  case. The radia- 
t i o n  calorimeter w a s  nearly ident ica l  t o  the  base calorimeters but had a sapphire 
window with a view angle of 120°, a cal ibrated eff ic iency of 52 percent compared 
with the  base calorimeter, and an annular nitrogen purge directed across the win- 
dow t o  keep it as clean as possible during the s t a r t i ng  and shutdown cycles.  

All calorimeters, with the exception of the one i n  the  center star, 

When the calorimeter w a s  cal ibrated by means of a radiant  heat 

Data Recording and Reduction Technique 

The voltages generated by the  thermocouple junctions i n  the  calorimeter 
disks  were amplified, recorded on a 14-channel FM tape recorder, and at  a l a t e r  
time played back -through an appropriate analog c i r c u i t  an$ a cal ibrated x-y plot-  
t e r  ( f i g .  s ( ~ ) ) .  Thus, a continuous t r ace  of heat f l u  Q as a function of disk 
temperature was obtained. The slope of t he  
curve of heat f l u x  as a function of temperature- dudTw 
t ransfer  coef f ic ien t  h, and the intercept  a t  Q = 0 i s  the approximate recovery 
temperature TR. 
e t e r s  occurred a t  disk temperatures from 140° t o  240° F; furthermore, d i s k  A has 
a heat f l ux  of nearly zero when d isk  C i s  a t  peak heat f lux.  For disk C i n  par- 
t i c u l a r  the  RC time constant of the analog c i r c u i t  has caused a ro l l -of f  i n  the 
peak response. 
perature of looo F so t h a t  a uniform camparison could be  obtained. A s  such, the  
r e s u l t s  presented represent t he  response of the  model (mass) t o  the applied heat 
load i f  the w a l l  temperature had been 1000 F. 

A typ ica l  p lo t  i s  shown i n  f igure  9.  
i s  equal t o  the heat- 

A s  shown i n  f igure  9, peak heat f luxes f o r  the  three calorim- 

Therefore, the slopes were extrapolated t o  a,n a rb i t r a ry  d isk  tem- 

A s  a backup system the  output from the second thermocouple junction i n  each 
disk was connected t o  an automatic d i g i t a l  recording system and read a t  in te rva ls  
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of 1 . 2 3  seconds. 
nique, since a continuous t race  w a s  obtained tha t  w a s  capable of displaying 
changes i n  heat t ransfer  during the  f i r i ng ,  such as base burning. 

The FM-analog system w a s  vas t ly  superior t o  the  d i g i t a l  tech- 

The f i lm or heat-transfer coef f ic ien ts  
convective coef f ic ien ts .  
duced by the magnitude of the  rad ia t ion  heat flux 
would be unchanged except f o r  t he  very s m a l l  e f f ec t  of t he  change i n  reradiat ion 
over the range of disk temperatures. 
temperature f o r  convection only would be reduced. 

di/dTw are  essent ia l ly  equal t o  the 
Figure 9 shows tha t ,  i f  tGe t o t a l  heat flyx were re -  

%, the  slope 

I f  t h i s  correction i s  made, the  recovery 

dQ/dTw = h 

During the purge-off heating cycle of the  disks,  the temperature r ise of t he  
disks intercepted t h a t  of the base p la te .  
i t y  of the d isk  does not a l t e r  the  convective flow, and a heat f l u x  representa- 
t i v e  of isothermal conditions ( f o r  the  model) i s  recorded ( r e f .  7 ) .  
hand, the quenching e f f ec t  of the model s t ructure  on the rec i rcu la t ing  gas p r io r  
'io contacting the heat-transfer disk cannot be controlled, except by operating 
the base p l a t e  and external  surfaces of the  engines a t  f l i g h t  conditions t h a t  a re  
generally not p rac t i ca l  f o r  wind-tunnel models. 

Thus, at this ins tan t  t he  heat capac- 

On the  other  

A l imited amount of data  was obtained with two heating cycles of the  disks  
(by purging the  calorimeters during the  f i r i n g )  t ha t  resul ted i n  two heat values 
a t  two d i f f e ren t  points  where disk and base p l a t e  temperatures were equal. The 
heat-transfer coefficcents were i n  good agreement. 
heat f l ux  with disk temperature w a s  generally l i nea r  (except when sporadic base 
burning occurred) ; hence , the  heat- t ransfer  coeff ic ient  appeared independent of 
disk o r  w a l l  temperature within the ranges covered herein.  

In  f ac t ,  the  var ia t ion  of 

Operating Procedure 

I n  a continuous-flow wind tunnel the  model and instrumentation must with- 
stand repeated f i r i n g s  without damage o r  contamination e f f ec t s .  The major prob- 
lems occurred during the  required slow-starting cycle. Fundamentally, the  rocket 
j e t  pressures during start  were not high enough t o  overcome the  rec i rcu la t ion  of 
external  air .  Hence, s ign i f icant  amounts of rocket flow were entrained i n  the 
base region, as i s  the  case i n  the  flow f i e l d  behind a blunt-base body without 
j e t  flow o r  i n  some base bleed s i tua t ions  ( re f .  9 ) .  Consequently, very hot gases 
and pa r t i c l e s  of carbon and aluminum oxide from the combustion of TEA formed de- 
pos i t s  on the calorimeter surfaces.  The following measures were taken i n  order 
t o  reduce these e f f ec t s  during the s t a r t i n g  and shutdown cycles: 

(1) The rocket mixture r a t i o s  were careful ly  controlled i n  order t o  reduce 
carbon formation. 

( 2 )  A nitrogen purge delayed the  response of the  calorimeters u n t i l  the  
proper operating conditions had been established and kept the  disks  r e l a t ive ly  
f r ee  from deposits or coatings, except f o r  t he  center-star calorimeter a t  some 
conditions (see RESULTS AND DISCUSSION). 
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(3) A very strong nitrogen purge directed across the base p l a t e  from four 
symmetrical locat ions near the  val ley regions provided an i n e r t  atmosphere and 
cooled the  base instrumentation. 
through the  turbine-exhaust and exhausterator systems pr ior  t o  the change t o  hy- 
drogen for  the  ra ted  operating conditions. 

This e f f ec t  w a s  supplemented by nitrogen flow 

Comparison of Prototype and Tunnel-Model Operating Conditions 

A comparison of the  schedule of d t i t u d e  and nozzle-exit pressure r a t i o  w i t h  
free-stream Mach number fo r  t he  prototype Saturn (SA-1) (Pc = 565 lb/sq i n . )  and 
the  tunnel model i s  shown i n  f igure  10. The e f f ec t  of the difference i n  Reynolds 
number between the prototype and the model i s  a l so  shown i n  f igure 10 i n  terms of 
the  r a t i o  of boundary-layer thickness at  the  base of the prototype t o  t h a t  of the  
model by using a f l a t - p l a t e  turbulent analysis.  The r a t i o  var ies  *om about 15 
t o  1 7  between Mach numbers of 0.8 and 2.0 compared with the  l i n e a r  scale  fac tor  
of 26.8. Since the l i n e a r  scale  fac tor  w a s  used f o r  the  3/8-inch, curved, and 
streamlined turbine-exhaust stacks and f o r  the SA-1 cooling scoop heights, the 
heat-transfer r e s u l t s  presented a re  probably more severe than f o r  the  fu l l - sca le  
booster because the  stacks discharge in to  and the  cooling scoops capture a lower 
energy portion of the boundary layer .  

Measurements of the  model boundary-layer prof i les  f o r  t he  turbine-exhaust 
stack and cooling scoop locat ions a re  shown i n  f igure 11 i n  terms of indicated 
local-pi tot-  t o  free-streau-total-pressure r a t i o  for  Mach numbers of 2.0 and 0.8. 
These r e s u l t s  were obtained on an e a r l i e r  version of the model t h a t  included the 
scalloped-propellant-tank arrangement ra ther  than the cyl indrical  shape shown i n  
f igure  1. 

The p ro f i l e s  indicate  supersonic boundary-layer heights of about 1.3 and 
0.8 inch fo r  the  turbine-exhaust and scoop locat ions,  respectively.  Flow dis -  
turbances and a varying Mach number f i e l d  associated w i t h  the  complex shape of 
the  afterbody a l so  a re  evident. 

RESULTS AND DISCUSSION 

ThermaJ. Boundary Layer of the  Base 

I n  order t o  provide some insight  i n t o  the amount of rocket exhaust recircu- 
l a t e d  i n t o  the  base and the  quenching e f f ec t  of the  model, temperature was meas- 
ured at  the general posi t ions A, B, and C perpendicular t o  the base at 5/32-inch 
in te rva ls  out t o  a distance of 5/8 inch by using bayonet-type thermocouple rakes. 
Results a re  presented i n  f igure  1 2  i n  terms of the temperature-difference r a t i o  
(Tb - To)/Tc - To),  which can be interpreted as the mole f rac t ion  of combustion- 
chamber gases. A t  posi t ions A and B, m a x i m u m  values of (Tb - TO)/(Tc - To) gen- 
e r a l l y  occurred at  heights greater  than 5/16 inch or a distance r a t i o  of 0.5. 
posi t ion C, the  values w e r e  r e l a t ive ly  constant fo r  distance r a t i o s  greater  than 
0.25. 

A t  
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Corresponding temperature-difference r a t i o s  obtained fo r  the center star 
1/2 inch from the center and about 1 / 4  inch from the  surface by using a 
platinum - platinum-13-percent-rhodium thermocouple were near 0.5 at  supersonic 
speeds, as shown i n  the  following table:  

Free-stream 

MO 
Mach number, !res - T~ 

Tc - To 

I 2 * o  I 0 * 5 5  
0.45 t o  0.49 1.6 

Heat Transfer and Pressure Ratios 

Heat f l ux  Q has been selected as the b a s i s  of comparison for the  various 
configurations and ef fec ts  of model var iables  (such as turbine-exhaust or ex- 
hausterator flow), although heat-transfer coeff ic ients  or recovery temperatures 
a l so  could have been used. 
A, B, and C and per t inent  base pressure r a t i o s  a re  compared i n  f igures  13 t o  2 1  
f o r  the configurations and e f f ec t s  investigated.  A l imited amount of data fo r  
t he  center-star region i s  presented i n  f igure  22. I n  f igures  23 t o  40, t he  maxi- 
mum, average, and m i n i m u m  values of heat f lux,  heat-transfer or f i lm coeff ic ient ,  
and the  approximate recovery temperature a re  p lo t ted  f o r  each of the  general lo -  
cations A, B, and C as functions of free-streamMach number f o r  each configura- 
t i on .  

Therefore, t he  average base heat f luxes fo r  posi t ions 

Performance of Basic Saturn and General Observations 

The var ia t ion  of the average heat f l ux  fo r  posi t ions A, By and C with f ree-  
stream Mach number i s  shown i n  f igure 13(a) fo r  t he  so-called bas ic  Saturn con- 
f igurat ions with and without cooling scoops. 
0.8 and w a s  about twice the values at  Mach numbers of 1 .6  and 2.0.  
had the highest  heat f lux; posi t ion A had the  lowest. 
typ ica l  of all configurations, except the  f lush  base and recessed base, can only 
be explained i n  general terms, since most of the flow phenomena are  of a circu- 
l a t i n g ,  unsteady type. 
flow and i s  exposed t o  a rec i rcu la t ion  of j e t  flow caused by the  in te rac t ion  of 
the  inboard and outboard j e t s .  Posi t ion C i s  primarily influenced by the in t e r -  
act ion of the  external  stream from the val ley ( b o a t t a i l )  region w i t h  the  inboard 
j e t .  
t e r n a l  flow, probably because of a pumping act ion established by the  overhanging 
shroud (vortex formed between the  shroud and val ley flows).  
(stream) air i n t o  the base generally has a cooling e f fec t ,  but  under the proper 
conditions can furnish the  oxygen necessary fo r  combustion of unburned f ie1  tha t  
has been recirculated i n t o  the  base.  
served (photographically) occurred i n  the  B and C regions as sporadic f lashes  of 
short  duration t rave l ing  toward the base p l a t e .  

The peak heat f l ux  occurred a t  Mach 
Posi t ion B 

These trends, which a re  

Posi t ion B i s  shel tered from d i r ec t  influence of external  

The base region around the  outboard engines (A)  i s  strongly affected by ex- 

The flow of external 

Most of the "base burning" t h a t  w a s  ob- 
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Effect  of Adding Cooling Scoops 

The addition of cooling scoops (four semicircular cups i n  the shroud over 
each outboard engine plus venetian-blind-type flow deflectors  i n  the  val ley re -  
gion centered over the inboard engine) reduced the  base heat f lux  a t  post-tions B 
and C y  bu t  were not e f fec t ive  a t  A (on the average) at Mach 0.8 ( f i g .  1 3 ( a ) ) .  

Effect  of Turbine-Exhaust Flow on Basic Saturn Without Cooling Scoops 

The ef fec t  of full- and half-rated flow (hydrogen) through the  3/8-inch-high 
-turbine-exhaust stacks i s  presented i n  f igure 13(b)  fo r  the  bas ic  Sa-turn without 
cooling scoops. The average base heat f lux was increased by half-rated turbine- 
exhaust flow (approx. 0.003 lb/sec per s tack) ,  par t icu lar ly  a t  posi t ion B .  
ra ted  flow (approx. 0.0055 lb/sec per stack) caused additional heat-flux in-  
creases only a t  Mach 0.8 at posi t ions B and C .  
low-energy portion of the boundary layer  by the turbine exhaust w a s  entrained i n  
the  base region and burned. 
lowing section. 

N l -  

Hydrogen discharged i n t o  t h i s  

This e f f ec t  i s  shown i n  greater  d e t a i l  i n  the  fo l -  

Comparison of Turbine-Exhaust Configurations and 

Effect  of Exhausterator Flow 

The e f f ec t  of discharging the turbine-exhaust flow at  heights of 1/16 and 
3/8 inch (above the shroud) fo r  the  configuration with four scoops per shroud and 
external  flow def lec tors  i s  presented i n  f igure 1 4  and compared with the  no-flow 
heat f luxes.  Appreciable increases a re  shown for  the nearly f lush,  1/16-inch, 
discharge height at all posi t ions and Mach numbers. For the 3/8-inch height the 
major e f f ec t ,  which occurred at Mach 0.8 for  posi t ions B and C, w a s  only about 
half  as severe as f o r  the  nearly f lush  discharge. 

I n  order t o  prevent the  exhausterator l i p s  from burning o f f  while data  were 
obtained without exhausterator flow for all the preceding configurations, special  
exhausterators having -the same cyl indrical  shape around the nozzle and l i p s  f lush  
with the nozzle e x i t  were in s t a l l ed .  
not a l te red ,  and nitrogen could be used i n  the  exhausterator during the s t a r t i n g  
cycle. 
f igurat ions,  however, da ta  could only be obtained with exhausterator or 
exhausterator-plus-turbine-exhaust flows. Therefore, the  performance obtained 
with the SA-1 (curved) and streamlined turbine exhausts ( f i g .  l l ( b ) )  cannot be 
compared d i r ec t ly  with t h a t  f o r  the 1/16- and 3/8-inch turbine exhausts. 
only three scoops per shroud could be used on the curved and streamlined turbine- 
exhaust configurations because of the  revised locat ion on the shroud. 

Consequently, the base flow pat terns  were 

Once the overhanging exhausterators were in s t a l l ed  f o r  the  following con- 

Also, 

For both the SA-1 and streamlined turbine-exhaust configurations half-rated 
exhausterator flow s igni f icant ly  increased the average base heat flux at  posi- 
t ions  B and C except a t  a Mach number of 0.1, where configuration e f f ec t s  were 
generally s m a l l .  
pa r t icu lar ly  at posi t ion B f o r  SA-1. 

Full-rated exhausterator flow resul ted i n  additional. increases, 
Adding e i the r  half-  or fu l l - ra ted  turbine- 
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exhaust flow t o  the  corresponding exhausterator flow condition resul ted in negl i -  
gible  or  s m a l l  increases i n  the  average base heat f lux.  Ei ther  there  w a s  no ex- 
cess air  i n  the base fo r  combustion of the  turbine-exhaust flows, or, more 
l ike ly ,  the  turbine-exhaust flows were discharged high enough i n  the  external  
stream -to prevent any appreciable entrainment i n  the base region. The stream- 
l i ned  exhaust stack w a s  nearly three times the  height of the 3/8-inch stack, and 
-the curved SA-1 stack discharged behind the  t r a i l i n g  edge of the shroud at a 
heigh'i of 5/8 inch directed outward 45O. 

Comparison of Various Base Configurations 

A comparison of the following configurations i s  shown i n  f igure  1 5 ( a ) r  re-  
cessed base with bleed, shroud f lush  with base, SA-1, and bas ic  Saturn without 
cooling. The uncooled f lu sh  base (with half-rated turbine-exhaust and exhauster- 
a-tor flows) had appreciably higher heat fluxes at base posit ions A and C compared 
with the basic  Saturn (half-rated turbine exhaust only) o r  SA-1 ( fu l l - r a t ed  
turbine-exhaust and exhausterator flows, with cooling scoops) . Some reduction i n  
heat f luxes fo r  the  f lush  base w a s  noted f o r  exhausterator flow alone ( f i g .  3 6 ) .  
Apparently removal of the  shrouds overhanging the  outboard engines decreased the  
pumping effect previously described, increased the base pressure (fig. 17), and 
increased the base entrainment of turbopump exhaust gases. 

The recessed base had an average base heat f l u x  at all posi t ions of l e s s  
than 5 Btu per square foot  per second, even a t  a Mach number of 0.8. T h i s  con- 
f igura t ion  a l s o  had the  shroud over the  outboard engines cut back t o  the  plane of 
'ihe nozzle throa ts  ( s t a t i o n  2 . 0 8 ) ~  however, the very l a r g e  cooling scoops, which 
were located i n  regions of high pressure r ise on the  shroud, s ign i f icant ly  in-  
creased -the base pressure r a t i o  ( f i g .  1 7 )  t o  values above 0.93 within the range 
t e s t ed .  Some p a r t  of the reduction i n  heat f luxes may be associated with in-  
creased quenching because of the  grea te r  amount of cool model metal exposed by 
recessing the  base pla-Le t o  s t a t ion  5.08 (compared with s t a t ion  2.08 fo r  all 
other configurations).  
air  i s  provided a t  higher pressures, and b e t t e r  mixing and d i s t r ibu t ion  i s  at- 
'Gained within the  engine compartment so t h a t  all areas of the  base a re  more uni- 
formly cooled. 
gases ( r e f s .  5 and 9 ) .  A t  higher f l i g h t  Mach numbers aerodynamic heating of the  
bleed air may require protect ion of c r i t i c a l  hardware located i n  the  engine com- 
par-tment provided t h a t  the pressure l e v e l  i n  the engine compartment i s  high 
enough t o  cause appreciable heat t r ans fe r .  

Compared with the  SA-1 scoops, a l a rge r  amount of bleed 

Also, t he  higher pressures reduce the rec i rcu la t ion  of rocket 

Radiation Heat Flux 

A comparison of rad ia t ion  heat f l ux  Qr measured a t  posi t ion C,  i s  pres- 
ented i n  figure 15(b)  f o r  several  configurations. 
disk temperature of about ZOOo F and could not be extrapolated, accurately,  t o  
the looo F disk temperature previously used fo r  the t o t a l  calorimeters. 
configurations -the general l e v e l  of rad ia t ion  heat flux varied from a maximum of 
about 7 Btu per square foot  per second a t  Mach 0.8 t o  3 at other Mach numbers, 
The radiat ion l e v e l  f o r  the  flush-base configuration w a s  approximately doubled 
with combined turbine and exhausterator flow; furthermore, t h i s  configuration had 

These measurements a re  for  a 

For most 
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the  grea tes t  amount of base burning (as confirmed photographically). 

The general t rend of the  radiation-heat-flux curve depends on the  in te rac t -  
ing e f f ec t s  of the increasing view or form fac tor  o f  a par t icu lar  base area and 
the  decreasing j e t  s t a t i c  temperature and hence on rad ia t ion  from carbon mole- 
cules, as the  expansion of the  j e t s  increases with a l t i t ude .  Additional fac tors  
a re  afterburning i n  the  j e t s  and burning of the turbopump exhausts. 

Circular Base with S tab i l iz ing  Surfaces 

Tes-ts were also made of some Saturn configurations with aerodynamic s tabi-  
l i z i n g  surfaces intended t o  reduce the  gimbal requirements of the outboard con- 
t r o l  engines. A cy l indr ica l  shroud w a s  used t o  carry the  loads from these sur- 
faces and, hence, the  base heat shield w a s  a l s o  circular .  The shroud or flair  
over each outboard engine w a s  a l so  revised (shroud angle changed from 80 t o  300). 
One configuration had four la rge  f i n s  with a height above the shroud surface of 

I 6.8 inches and four stub f i n s  with i? height of 1~ inches (see f ig .  6 ) .  The other 

1 configurations had eight  12-inch stub f i n s .  Neither configuration had base bleed 

or cooling. 
the  top of each stub f i n ,  which were used t o  simulate the boi lof f  and c h i l l  cycle 
of upper-stage engines. Hydrogen was discharged through the  vents a t  the r a t e  of 
0.001 and 0.002 pound per second per vent fo r  t he  boi loff  simulation and t h e  
c h i l l  cycle, respectively.  

Both configurations had 1-inch streamlined stacks (vent)  located on 

As  shown i n  f igure  1 6 ,  both circular-base configurations without cooling 
scoops had subs tan t ia l ly  higher heat f luxes than the SA-1 configuration at  sub- 
sonic Mach numbers, pa r t i cu la r ly  a t  Mo = 0.8; however, there  w a s  l i t t l e  d i f f e r -  
ence at  Mach numbers of 1.6 and 2 . 0 ,  The only s igni f icant  difference between the  
-two circular-base configurations w a s  the  lower heat f l ux  a t  Mach 0.8 at posi t ion 
C fo r  the eight-stub version. Discharging hydrogen through the vents had no sig- 
n i f i can t  e f f ec t  on base heating. 

Summary of Ease Pressure Ratios 

The average base pressure r a t i o  comparison presented i n  f igure  1 7  shows that  
the minimum value i n  each case occurred a t  a Mach number of 1 .6 .  The recessed- 
base configuration had the  highest base pressure r a t i o  and experienced a s l i g h t  
ram e f fec t  (9, > po) at Mach number 2.0. The lowest pressure r a t i o s  were found 
fo r  the  circular-base configurations, probably because the  b o a t t a i l  region w a s  
made cy l indr ica l  and the f la i r  angle of the  shield over t he  outboard engines was 
increased from 8 O  t o  30°. For the bas ic  Saturn configurations the  average base 
pressure did not vary at  subsonic Mach numbers, but  w a s  increased a t  supersonic 
Mach nmibers by bleed and removal of the shield over the  outboard engines. 

Base pressure d is t r ibu t ions  are  presented fo r  several  operating var ia t ions  
of the  SA-1 configuration and f o r  the recessed- and circular-base configurations 
i n  f igure  18. Some ins ight  i n t o  the  base flow pat terns  can be gained by inspect-  
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ing these plots5 however, the exact loca t ion  of the  pressure tube o r i f i c e s  va r i e s  
because of i n s t a l l a t i o n  problems and f o r  SA-1 may be very close t o  a cooling 
scoop and may r e s u t  i n  q,/pO > 1.0 fo r  some locat ions.  

Heat Fluxes on Side of Exhausterator 

The t o t a l  calorimeter at  s t a t i o n  0.09 mounted on the side of the  exhauster- 
a to r  t h a t  faced the point of the  center star could not be mounted f lu sh  w i t h  the  
exhausterator surface.  Consequently, the calorimeter housing or cup w a s  sup- 
ported by the  instrumentation l i n e s  only and may have acted as a flameholder. 
f a c t ,  it w a s  frequently destroyed by the  s t a r t i n g  heat input because the  effec-  
t iveness  of the  base purge did not extend t h a t  far from the  base p l a t e .  A t  su- 
personic Mach nunibers the  r e s u l t s  obtained ( f i g .  1 9 )  were generally of t he  same 
l e v e l  as those f o r  base posi t ions A, B, and C. No pronounced increase i n  heat 
f l u x  w i t h  Mach number w a s  noted as might be expected due t o  increased outflow of 
hot center-s tar  gas. 
had appreciably higher heat f luxes f o r  both half-  and f'ull-flow r a t e s .  
Mach 0.8 f o r  other  configurations with turbine-exhaust and exhausterator flow 
were not obtained. 

I n  

A t  Mach 0.8 the  streamlined turbine-exhaust configuration 
Data at  

Effec t  of Inoperative and G i d a l i n g  Engines 

Heat f luxes f o r  each of the  1 2  calorimeter locat ions w i t h  an outboard or in-  
board engine inoperat ive a re  compared w i t h  the  e ight  engine averages i n  f igure  20 
f o r  the  SA-1 and circular-base configurations.  With the outboard engine i n  quad- 
r an t  3 inoperative,  the  most pronounced increase i n  base heat f l ux  occurred i n  
quadrant 2 at pos i t ions  B and C f o r  supersonic Mach numbers. 
t a in ing  the  inoperative engine had the lowest heat f l u x  except f o r  posi t ion A. 
I n  general, the  e f f e c t s  of an inoperative outboard engine were not severe. 

The quadrant con- 

With an inoperative inboard engine ( loca ted  between quadrants 1 and 4), the  
var ia t ions  i n  heat flux were more s ign i f i can t  and f o r  SA-1 occurred primarily i n  
quadrants 1 and 3 for pos i t ion  A and i n  quadrants 2 and 3 f o r  posi t ion B at a 
Mach number of 0.8; a t  
fected.  
engine. The recessed-base configuration w i t h  inboard engine 4 inoperative showed 
no e f f ec t ive  change i n  base heat f l u x  a t  the  only Mach number tes ted ,  0.8. For 
t he  ci rcular-base configuration a marked reduction i n  heat f l u x  occurred w i t h  i n -  
board engine 4 inoperative a t  Mach 0.8 f o r  aJ1 quadrants except the four th .  A t  
supersonic Mach numbers quadrant 1 generally had higher heat f luxes than the  
eight  engine averages, as d id  pos i t ion  C i n  quadrant 4. 

Mo = 1.6  and 2.0, quadrants 2 and 4 were primarily af- 
The quadrants a f fec ted  were not necessar i ly  adjacent t o  the  inoperative 

Two var ia t ions  from the  nominal gimbal posi t ion of the outboard engines were 
invest igated,  and the  r e s u l t s  are presented i n  f igure  21. 
w a s  a simple p i t ch  correct ion with all outboard engines gimbaled downward 5' r e l -  
a t ive  t o  the  nominal 60 radial angle (see middle sketch i n  f i g .  2 1 ) .  
var ia t ion  represents  the necessary gimbal angles i f  engine 8 were inoperative 
during maximum dynamic pressure and wind shear.  For these cases the  e f f ec t s  on 
base heat f l u x  were again r a the r  random. 

The first var ia t ion  

The second 

For the  p i t ch  correct ion,  quadrant 3 at 

14 



posi t ions A and C showed the most e f f ec t .  
inoperative engine gimbal occurs at  posi t ion A, quadrant 1, f o r  a Mach number 
of 1 . 6 .  

The. only s igni f icant  e f f ec t  f o r  the 

Center-Star Heat Transfer and Pressure Ratios 

Great d i f f i c u l t y  w a s  experienced i n  measuring center-star heat t ransfer  be- 
cause coatings of some form of aluminum oxide (from the TEA i gn i to r  f l u i d )  and 
carbon collected on the calorimeter surface during the s t a r t i n g  cycle. 
coating problem w a s  prevalent a t  supersonic Mach numbers and par t icu lar ly  a t  a 
Mach number of 2.0, probably because of the  lower base pressures and because the  
coating thickness becomes more e f fec t ive  at  higher applied heat f luxes.  The most 
consistent data  were obtained by cycling the center-s tar  purge several  times dur- 
ing a f i r i n g .  This procedure seemed t o  burn off  the  coating during the  f irst  
heating cycle since higher heat f luxes were measured on succeeding heating 
cycles. An example of t h i s  e f f ec t  i s  shown i n  f igure 2 2 ( a ) ;  however, i n  t h i s  
case the  rockets were f i r e d  without t he  center-star purge on during the  s t a r t i ng  
cycle, and two cycles of low heat t ransfer  were obtained before the  disk surface 
became clean. 
enough t o  allow the coating t o  dislodge or melt. 
i n s t a l l ed  i n  the  center-star calorimeter and the  r e s u l t s  were averaged. An anal- 
ogous r e s u l t  i s  reported i n  reference 10 wherein aluminum oxide deposits on the  
nozzle w a l l  (from a so l id  propellant rocket)  caused a temperature difference be- 
tween the  gas s ide and the  nozzle surface of the order of 1000° t o  2000° F. 

This 

Perhaps the purge-on temperature of the f irst  cycle w a s  not high 
Duplicate thermocouples were 

A s  f l i g h t  Mach number increased, the center-star pressure eventually ex- 
ceeded that of the outer base ( f i g .  2 2 ( b ) ) ;  this indicates  appreciable backflow 
from the impingement of t he  inner jets toward the  center star, between the j e t  
boundaries upstream of the  impingement point, and in to  the outer-base region. 
The center-star t o  outer-base pressure r a t i o s  increased t o  values no greater  than 
1.5 at  a Mach number of 2.0.  This value i s  considerably below the  choking pres- 
sure r a t i o  t h a t  would have been at ta ined if the  center-s tar  pressure had in- 
creased or outer-base pressure had decreased enough fo r  the  outflow'areas t o  be- 
come choked. If the choking condition had been reached, the pressure ratio and 
heat t ransfer  would have remained constant. With an inboard engine inoperative, 
the  center-s tar  pressure w a s  e s sen t i a l ly  equal t o  t h a t  of the outer base region 
over the  Mach nmiber range tes ted  because the  outflow area w a s  g rea t ly  enlarged 
and the  number of j e t  impingements reduced. 

The center-star heat f l ux  increased rapidly w i t h  f l i g h t  Mach number gener- 
a l l y  i n  accordance w i t h  the  pressure-ratio trends f r o m  a value of about 40 Btu 
per square foot  per second at  a Mach number of 0.1 and a recovery temperature of 
about 1000° R t o  a value between 300 and 400 Btu per square foot  per second at  a 
Mach number of 2 .O and a recovery temperature between 2500° and 2800° R ( f i g .  
22 (c ) ) .  
bers  w a s  reduced t o  values of about 50 B t u  per square foot  per second. 
0.8 the heat f l ux  w a s  highest fo r  the  circular-base configurations. 

With an inboard engine inoperative the heat flux at  supersonic Mach num- 
A t  Mach 
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CONCLUDING REMARKS 

The general randomness of the  heat-transfer data  i s  displayed i n  f igures  23 
t o  40, where the  maximum and minimum values are  shown as well as the  average. 
This s ca t t e r  i s  r e l a t ed  t o  (1) base burning, which w a s  generally present but  oc- 
curred i n  sporadic f lashes ,  ( 2 )  differences i n  efficiency among the  eight  en- 
gines, (3)  alinement and aerodynamic asymmetries, and ( 4 )  compromises associated 
with the s m a l l  s i ze  of the model, which w a s  r e s t r i c t ed  by the  tunnel thermal 
choking l i m i t .  
cation, the  hot-spot on the base sh i f ted  with the engine. This i s  a t t r i bu ted  t o  
the  unburned f u e l  rec i rcu la t ing  i n t o  the  base region and then burning. However, 
extremely f i e l - r i c h  operation of all eight engines (O/F < 2.0) generally quenched 
whatever base burning w a s  present and reduced temperatures appreciably. 

When a low-efficiency engine (C* < 5200) w a s  sh i f t ed  t o  a new l o -  

SUMMARY OF RESULTS 

Base heat-transfer and pressure were measured on a 1 / 2 7  scale Saturn booster 
stage using hot, scale-model rockets over a range of stream Mach numbers from 0.1 
t o  2.0.  Various configurations of t he  afterbody shroud were investigated includ- 
ing two with base bleed o r  cooling and two d i f fe ren t  arrangements of aerodynamic 
s t ab i l i z ing  surfaces.  Five turbine-exhaust stack configurations were evaluated 
by using hydrogen t o  simulate the  turbopump-exhaust gases from the  inboard en- 
gines w h i l e  exhausterators were used on the  outboard rockets.  
inoperative inboard or outboard engine as wel l  as two gimbal angles of the  out- 
board engine were determined. The following r e s u l t s  were obtained: 

The e f f ec t s  of an 

1. For nearly all configurations the  base heat f l ux  peaked sharply a t  a Mach 
number of 0.8. 

2 .  Simulated turbopump gases (hydrogen) were entrained i n  the  base and 
caused severe increases i n  base heat f l ux  from e i the r  exhausterator flow (out- 
board engines) or turbine-exhaust stacks (inboard engines) t h a t  were shorter  than 
one-third of the height of the l o c a l  shroud boundary layer .  

3. The use of cooling air scoops and flow deflectors  produced s igni f icant  
decreases i n  base heating. One configuration tha t  had a recessed base and appre- 
c iable  base bleed redwed the  base heat f l u x  t o  values l e s s  than 5 Btu per square 
foot  per second (a t  a w a l l  temperature of 100' F) fo r  Mach numbers ranging from 
0.8 t o  2.0 as compared with values varying from 80 t o  20 Btu per square foot  per 
second without base bleed. 

4. Removing the  shield or shroud "ears" from over the  outboard engines so 
t h a t  the shroud w a s  f l u sh  with the  base p l a t e  at  the plane of t he  nozzle throa ts  
resu l ted  i n  very high heat-flux r a t e s  except for the  base a rea  between the  inner 
and outer engines. 

5. Only minor changes i n  base heat f l ux  were found when the  outboard engines 
With an inboard engine in -  were gimbaled or one outboard engine w a s  inoperative.  

operative, l o c a l  increases i n  base heating occurred a t  some Mach numbers. 



6.  The center-s tar  heat flux (at  a w a l l  temperature of looo F) increased 
from a value of about 40 Btu per square foot per second at a Mach number of 0.1 
t o  between 300 and 400 Btu per square foot per second a t  a Mach number of 2.0, 
and the recovery temperature increased from about 1000° t o  28000 R .  

Lewis Research Center 
NatimxiL Aeronautics and Space Administration 

Cleveland, Ohio, October 1 7 ,  1962  
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Reference-jet 
expans ion 

listance 
from 
nozzle 
exit, 

in. 
2, 

0 
.063 
.OEl 
,100 
.150 
.ZOO 
.250 
.3OC 
.40~ 
.530 
.600 

.ZOO 

.70L 

Mark I exhausterator 

Nozzle 
diameter, 

in. 
D, 

1.705 
1.702 
1.701 
1.698 
1.693 
1.685 
1.677 
1.699 
1.646 
1.617 
1.583 

1.500 
1.546 

0 . 1 2 4  Dim., 
1.705" 1 

Mark I1 exhausterator 

)is t anc e 
from 
nozzle 
exit, 

in. 
2, 

0.900 
1.000 
1.100 
1.290 
1.330 
1.400 
1.530 
1. c0c 
1.700 
1.aoc; 
1.990 
2 .000 
2 .130 

No z z le 
liameter 

D, 
in. 

1.440 
1.391 
1.334 
1.270 
1.203 
1.136 
1.962 
.985 
.9c4 
. a21  
.732 
.651 
.603 

Internal nozzle coordinates, Mark I1 motor 

( e )  Exhausterator details and nozzle 
coordinates. 

Figure 1. - Continued. General model 
arrangement. 
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C-57906 

(a) Base instrumentation d e t a i l s .  

?-56217 
(b)  Afterbody d e t a i l s  (four scoops per  shroud and 

va l ley  flow de f l ec to r s ) .  

Figure 2. - Basic Saturn configurations with 3/8-inch 
turbine-exhaust s tacks.  
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C -57 646 
(a )  Base view. 

9 

C-56941 
( b )  Afterbody d e t a i l .  

Figure 3. - Basic Saturn configuration with curved 
turbine-exhaust pipes,  three scoops per shroud, and 
va l l ey  flow def lec tors  ( S A - 1 ) .  
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C-56982 
(a )  With t h r e e  scoops per shroud, v a l l e y  flow def lec-  

t o r s ,  and s t reamlined turbine-exhaust s tacks .  

i 

C-56848 
( b )  Without engine shrouds but  with 3/8-inch turb ine-  

exhaust s tacks  ( f l u s h  base ) .  

Figure 4. - Basic Saturn configurat ions.  
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(a) Base view. 

2-57115 

( b )  Ease d e t a i l s .  

C-57146 

( c )  Afterbody d e t a i l s .  

Figure 5. - Recessed-base configurat ion with shroud, 
v a l l e y  scoops, and 5/8-inch turbine-exhaust s tacks.  
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C-57828 

( a )  Four-fin and four-stub configuration; streamlined 
turbine-exhaust s tacks and streamlined hydrogen 
vents on s tubs.  

c-57875 

( b )  Instrumentation d e t a i l s .  

"57774 

( c )  Eight-stub configuration; streamlined turbine-  
exhaust s tacks and streamlined hydrogen vents on 
stubs. 

Figure 6. - Circular-base configurations. 
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Quadrant 1 I Quadrant 2 

( Logking upstream) 
Station 2.08 

(a) General baseplate calorimeter 1oca.tions. 

Figure 8. - Instrumentation details. 
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r Junct ion 

Typical s i l v e r -  ,/ 
solder  s e a l -  

A -A 
Ekseplate copper calorimeter 

Nitrogen y////// 
purge l i n e  - 4, 

s i lver -  
i n t o  r 

L 
A -A 

I_ 

Center-star n icke l  calorimeter 

( b  ) Calorimeter d e t a i l s .  (All dimensions i n  inches. ) 

Figure E .  - Continued. Instrumentation d e t a i l s .  

L 
B-B 

30 



r- 

I I 'r 1 

31 



32 



cu 

18 

14 

60 

40 

20 

0 

Chamber p r e s s u r e ,  

lb / sq  i n .  
P C  f 

SA-1 c o n f i g u r a t i o n  650 
SA-1 c o n f i g u r a t i o n  565 

--8- by 6-foot t unne l  650 
- -__-- 

F j = -  0 .371 
2 - 

1 

4 

Figure  10. - Schedules  of a l t i t u d e ,  n o z z l e - e x i t  p r e s s u r e  r a t i o ,  
and boundary-layer  s c a l e  f a c t o r  w i t h  Mach number. 
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(a) Free-stream Mach number, 2.C; ratio of Reynolds number to length, 4.AX106. 

Plane of survey Station 

Turbine exhaust 2.1 

.- 3 .9 1 .c .7 
Pitot to free-stream total-pressure 

ratio, PIP, . 

(b) Free-stream Mach number, 82.8; ratio of Reynolds number to length, 4.2X106. 

Figure 11. - Boundary-layer measurements cn shrcud. Scalloped-propellant-tank 
ccnf igvrat ion. 
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Configuration 

0 3/8-inch turbine exhawit 
0 1/16-inch turbine exhailst 
0 Curved turbine exhaust 
a Streamlined turbine exliaust 

Flow rate 

F u l l  --- Half 
--- Four scoops per shroud, valley flow 

deflectors, and no tirbine-exhaust 
or exhausterator f l o v  (fig. 13) 

S o l i d  symbols denote echausterator 
I I I I I I  flow o n l y  

20 

0 

Position A 

Position B 

. 8  1.6 2 4  

(a) Four scoops per shroud, 
valley flow deflectors, and 
half-rated turbine-exhaust 
flow. 

Flight Mach number, PIo 

Position C 

(b) Three scoops per shroud, 
valley flow deflectors!, and 
SA-1 (curved) turbine ex- 
haust and exhausteratcrs. 

(c) Three scoops per shroud, 
valley flow deflectors, and 
streamlined turbine exhaust 
and exhausterators. 

Figure 14. - Effect Of turbine-exhaust configuration and exkausterator flow on average base heat flux 
at three positions. 
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I I 
Configuration Flow 

__I)__ Recessed base (5/8-in. 

,-e---- Flush base (3/8-in. 

-- SA-1 (fig. 14) 

.Full-rated turbine exhaust 

%lf-rated turbine exhaust 

Full-rated turbine exhaust 

turbine exhaust) and exhausterator 

turbine exhavst) and exhausterator 

1 

I and exhausterator I __----- Basic Saturn (3/8-in. Half-rated turbine exhaust + turbine exhaust) I (fig. 13(b)) I 

L 2 1 2 1 2 
Nominal free-stream Mach number, Mc, 

( E ) Average heat flux. 

Figure 15. - Comparison of various base confi.gurations. 
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60 

40 

0 

Configuration 

Circular  base with fou r  
f i n s  and four  s tubs 

Circular  base with e i g h t  
s tubs 

--- SA-1 ( f i g .  15) 

Pos i t ion  A 
80 

40 

0 

Posi t ion  B 

IIomlnal free-stream Ikch n7mber, b b  

Pos i t ion  c 

Figure 16. - Comparison of S A - 1  and 
c i r c u l n r  -bas e configvrat  -ions with 
s t a b l l l z i n g  surfaces ,  f u l l - r a t e d  
turb  ine-exhaus-t and exhausterntor 
flow, and boi lof f  vent flow. 
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3 
P 

1.0 

.9 

*8 (  

.7E 

.7( 

.62 

.54 

Configuration 

Basic Saturn without 
cooling scoops 

SA-1  ----- 
-- Recessed base 
--- Flush bas e ---- Circular base w i t h  

s t ab i l i z ing  surfaces 

't 
\ 
-- \ 
1 

.4 .8 1.2 1.6 2 .o 
Free-stream Mach numkmer, 

Figure 17 .  - Comparison of base pressure r a t i o  f o r  various con- 
f igurat  ions. 
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Free - s  t ream Mach 

. 9 i  

number 

42 

Average chamber p r e s s u r e  Yc: 656 

Average b a s e  p r e s s u r e  r a t i o  Pb/p0: 0.84 

.9s 

2.0 
674 

0.873 

i . .j 
65d 

0 .71  

A l l  e n g i n e s  o p e r a t i v e  

1 . 6  
635 

0.760 

Inboa rd  e n g i n e  4 i n o p e r a t i v e  

0.8 
669 

0.969 

1 . 6  0.8 
648 619 

0.963 0.824 0.758 

2 . 0  
643 

Outboard e n g i n e  8 i n o p e r a t i v e  (maximum c o r r e c t i v e  g imba l )  

2.0 
646 

0.846 

1 . 6  0.8 
652 6 5 1  

0.803 0.967 

Maximum downxard gimbal  

( a )  SA-1 c o n f ' i g u r a t i o n .  

F i g u r e  18 .  - Base p r ' e s su re  d i s t r i b u t i o n s .  
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I I 1 I I I I I I I I I 

0 
V 

0 
0 

A 

h 

-t 

Configuration Turb he-exhaus t and 
exhausterator flow rate. 

r Calorimeter x -&= 

Valley and shroud scoops None 
Half 

SA-1 Half 
Flush base ( 3/8-in. turbine Half 

Valley and shroud scoops and Fall 

Valley and shroud scoops and 
streamlined turbine exhaust 

exhaust ) 

streamlined turbine exhaust 

exhaust ) 
Open base (5/8-in. turbine Ful l  

0 .8 1.6 2.4 0 .8 1.6 2.4 
Nominal free-stream Mach number, % 

Figure 19. - Effect of turbine-exhaust and exhausterator flow on 
heat flux measured by exhausterator calorimeter (X) . 
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E-1704 

I I I I I 
Quadrant  

I I 

0 1 
2 
3 
4 

B 
A 

--- SA-1 c o n f i  u r a t i o n  w i t h  eig:ht 
engines  ? f i g .  15) 

e i g h t  engines  ( f i g .  1 6 )  

base c o n f i g u r a t i o n  

Ci rcu lar -base  conf igura t ior t  w i t h  

S o l i d  symbols denote  receszed-  

--- 

u 9 8 1.6 2 . 4  

( a )  S A - 1  conf igura-  
t i o n ;  outboard 
engine 7 o p e r a t i v e .  

P o s i t i o n  A 

P o s i t i o n  B 
I I I I I 

Quadrant  1 1 

Free-stream Mach number, 

P o s i t i o n  C 

( b )  SA-1 conf igura t ion ;  inboard  ( e )  Circular-base c o n f i g u r a t i o n  
w i t h  four f i n s  and f o u r  s t u b s ;  
inboard  engine 4 i n o p e r a t i v e .  

engine 4 i n o p e r a t i v e .  

F igure  20. - E f f e c t  o f  i n o p e r a t i v e  engine on base h e a t  flu? d i s t r i b u t i o n  f o r  SA-1 and c i r c u l a r -  
base c o n f i g u r a t i o n s  w i t h  f u l l - r a t e d  turb ine-exhaus t  and r x h a u s t e r a t o r  f low.  
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a, 

P 
2 

2 .o- 

1.6- 

0 +J 

I I I 

Choking pressure 
r a t i o ,  specif ic-  
heat r a t i o  of 1.21 - 

Configuration 

Basic Saturn w i t h -  

SA-1 

L 

out cooling scoops ---- 
- -- Recessed base 

k 
cd 
-P m 

I 
k a, 
-P 
F1 
a, 
0 

(H 
0 

0 
?I 
-P 
cd 
ffi 
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Figure 22.  - Center-star pressure r a t i o  and heat t ransfer .  
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Minimum 

Turbine-exhaus t 
flow rate 

Open symbols Full 
Solid symbols None 

80 

60 In4 
20 

0- 

. 4  1.2 2.0  

P n- 

. 4  1.2 2.0  
Free-stream Mach number, Mo 

Figure 23. - Basic Saturn configuration without base cooling but 
with 3/8-inch turbine-exhaust stacxs. 
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fJ 
R) 
1o 
v - 

Average 
Minimum 

.4 1.2 2 .o 
Free-stream Mach number, 4 

S/a-inch turbine-exhaust stacks and half-ra ;ed turbine-exhaust flow. 
Figure 24. - Basic Saturn configuration withoit base cooling but with 
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B 

.4 1.2 2 .o 

+ Maximum 
0 Average 
0 Minimum 

.4 1.2 2 .o 
Free-stream Mach numb?r, 1% 

.4  1.2 2 .o 

Figure 26 .  - Basic Saturn configuration with 'our cooling scoops per shroud, 
val ley  flow deflectors ,  3/6-inch turbine-exiaust  stacks,  and half-rated 
curb ine -e,xhaus t flow. 
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a 
0 .. 
a 

B 

2 
., 

Position: A 
E @  

40 

0 

2200 

18 00 

1400 

1000 

600 

.11 

.07 

.@5 

*osw .@1 . 4  1.2 2.- 

B 

.: 1.2 
F r e e - s t r e ~ ~  !Lch nimber, "5 

Figure 27. - Basic Saturn configuration with four scoops per shroud, valley 
f l o w  deflectors, and 1/16-inch turbine-exhaust stacks. 
turbine-exhaust flow. 

Half-rated 
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Position: A 
80 

40 

0 

C 

o Maximum 

0 Minimum 
u Average - 

Flow - 
Open symbols Turbine exhaust 

and exhaust- - 
e ra to r  

1.2 2.u .4 1.2 2 . 0  .4 1.2 2.0  .4 1.2 2 .0  .4 
Free-stream Mach numbt:r, Mo 

Figure 28. - Basic Saturn configuration with tliree cooling scoops per shroud, 
val ley flow def lec tors ,  curved turbine-exhautit pipes ( S A - 1 )  w i t h  Mark I 
engines. Half-rated flow. 
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P o s i t i o n :  A B C 

Flow 

Open symbols Turbir-e exhaust  and 
e x h m s t e r a t o r  

d symbols Exhaus te ra to r  

80 

40 

0 

2200 

1800 

1400 

1000 

600 

.08 

.06 

.04 

.02 

0 
.4 1.2 2 .o 

, L 

.4 1.2 2 .o 
Free-s t ream Mach n-mber, % 

.4 1.2 2.0 

Figure 29. - Basic  Sa turn  c o n f i g u r a t i o n  w i t h  t h r e e  coo l ing  scoops per shroud,  
v a l l e y  f low d e f l e c t o r s ,  cumed  t u r b i n e - e x l a u s t  pipes (SA-1) w i t h  Mark I1 
engines .  F u l l - r a t e d  f low.  
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Posi t ion :  A 

Minimum 

40 

20 

0 

C 

, o  
Free-stream Mach numbel-, +J 

. 4  1.2 2 .o 

Figure 30. - Basic Saturn configurat ion with t l r e e  cooling scoops per  shroud, 
v a l l e y  flow d e f l e c t o r s ,  curved turbine-exhau2.t pipes (SA-1) with  Mark I1 
engines.  ,%tboard engine 7 inoperat ive;  ful: .-rated turbine-exhaust and 
exhaus-terator flow. 
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Figure 31. - Basic Saturn configuration with three cooling scoops 
per shroud, valley flow deflectors, curved turbine-exhaust pipes 
(SA-1)  with Mark I1 engines. Inboard engine 4 inoperative; full- 
rated turbine-exhaust and exhausterator flow. 
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Figure  32. - Basic  Sa tu rn  conf lgu ra t ion  wi th  
scoops p e r  shroud,  v a l l e y  flow d e f l e c t o r s ,  
exhaus t  p i p e s  (SA-1) wi th  Mark I1 engfnes.  
gimbal; f u l l - r a t e d  flow. 
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Figure 34. - Basic Saturn configuration with three cooling scoops Fer shroud, valley f l o w  deflectors, stream- 
lined turbine-exhaust stacks, and half-rated flow. 
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Figure 35. - Basic Saturn conflguratlon with three cooling scoops per  shroud, valley flow deflectors, streamlined 
turbine-exhaust stacks, and full-rated flow. 

62 



exhaust erz tor 

2000 2400m 

4 1.2 F.0 . 4 1.2 2.0  
Free-stream Mach number, hio 

.4 1.2 2 . 0  

Figure 36. - Basic Saturn configuration without base cooling or outboard 
engine shrouds but with 3/8-inch turbine-exhsust stacks (flush base) and 
half-rated f l o w .  

63 



Position: A B C 

Solid symbols denote 

20 

0 

.4 1.2 2.0 
Free-stream Mach number, 

.4 1.2 2.0 
MO 

Figure 37. - Recessed-base configuration with shroud and valley cooling 
scoops, 5/8-inch turbine-exhaust stacks, Mark I1 engines, and full-rated 
turbine-exhaust and exhausterator flow. 
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Figure 38. - Circular-base configuration with four-fin, four-stub 
stabilizer arrangement, streamlined turbine-exhaust stacks, and 
streamlined upper-stage hydrogen vents on stubs. Full rated 
turbine-exhaust and exhausterator flow. 
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Figure 39. - Circular-base configuration with eight-stub stabilizer 
arrangement, streamlined turbine-exhaust stacks, and streamlined 
upper-stage vents on stubs. 
erator f low.  

Full-rated turbine exhaust and exhaust- 
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Figure 40. - Circular-base configuration with four-fin, four-stub 
stabilizer arrangement, streamlined turbine-exhaust stacks, 
streamlined upper-stage hydrogen vents on stubs, and inboard 
engine 4 inoperative. Full-rated turbine-exhaust and exhaust- 
erator flow. 


